Abstract This article provides an overview on the geothermal energy research in Europe and one of the EU funded projects 'GEISER (Geothermal Engineering Integrating Mitigation of Induced Seismicity in Reservoirs)' in which the authors were involved. More details are given for description of GEISER, in particular, about aims and discussions and how the project was managed. Emphasis is given to one of the work packages 'Induced Seismicity and Large Magnitude Events (LME)' and results of this work package are summarized. This article intends to summarize the lessons learned in the GEISER project and give recommendations to future geothermal projects by creating Enhanced Geothermal Systems hydraulic stimulation where induced seismicity issues are expected to be a major issue and obstacle.
INTRODUCTION
Geothermal energy is the energy stored in the form of heat below the Earth's surface. Today geothermal water is used in many applications such as district heating, as well as for heating and cooling of individual buildings by using geothermal heat pumps. For almost 100 years geothermal energy has been used for electricity generation. Today, so called Enhanced Geothermal Systems (EGS), enable the exploitation of the Earth's heat for producing electricity even if the natural productivity from water resources is not sufficient (Breede et al. 2013 ). To extract energy from hot, poorly permeable rock, water is injected from the surface into boreholes with high pressure in order to create fractures and open them in the hot rock. The fracture surfaces serve as heat exchangers, heating the water and, when it returns to the surface, it can be used to provide heat and to generate electricity.
EGS technologies have the potential to produce large amounts of electricity almost anywhere in the world. One of the key barriers is the need to re-inject the cooled thermal water, which can induce seismicity.
Two promising geothermal projects affected by this are at Soultz-sous-Forêts France and the best known, at Basel Switzerland. In the latter case, repeated seismic events, although not destructive, were felt by the local population and prompted the authorities to halt operations. To avoid these problems, action had to be taken in order to better understand and mitigate induced seismicity in the development of geothermal reservoirs.
In this context, this article is intended to give a brief overview of how geothermal energy research is supported and performed in Europe, and in particular, on one of the EU funded projects, 'GEISER' in which the authors were involved. GEISER aimed at investigating, in particular, induced seismicity associated with water injection and mitigation measures. A large portion of this article is a summary of several documents submitted to the project as deliverables.
GEOTHERMAL ENERGY RESEARCH PROJECTS IN EUROPE
Research and development on technology plays a key role, particularly in the development of EGS, which allows the exploitation of the Earth's heat for producing electricity without having enough natural water resources.
Since 2002 (in the 6th Framework Programme, FP6), the European Union (EU) funded around 10 projects with a total budget of more than €M20. In particular, the flagship project EGS Pilot Plant for Soultz-sousForêts, which culminated in the construction of a scientific pilot plant based on an EGS, was awarded €M5. Under the current 7th Framework Programme (2007) (2008) (2009) (2010) (2011) (2012) (2013) research is funded for advancing knowledge in understanding and mitigating of induced seismicity associated with geothermal field development. Table 1 lists some of the EU funded projects (full or partial contributions) related to geothermal energy research and development within the 6th and 7th Framework Programmes.
GEISER (GEOTHERMAL ENGINEERING INTEGRATING MITIGATION OF INDUCED SEISMICITY IN RESERVOIRS)
The project GEISER started at the beginning of the year 2010 after successful contract negotiations with the European Commission. EU funding of €M5.3 was granted for 3.5 years. The project addressed several of the major challenges the development of geothermal energy is facing, including the mitigation of induced seismicity to an acceptable level. For this purpose, the project set the following goals:
(1) To understand why seismicity is induced in some cases but not in others; (2) To determine the potential hazards depending on geological setting and geographical location; (3) To work out licensing and monitoring guidelines for local authorities, which should include a definition of what level of ground motion is acceptable; (4) To develop strategies to fulfill the task of the stimulation and improve the hydraulic properties of the geothermal reservoir without producing large magnitude induced seismicity that poses a threat to buildings and disturbs the public.
And four main topics were identified: (1) Analysis of induced seismicity from representative reservoirs throughout Europe, with input from experts and data from regions outside Europe (Berlín, El Salvador; The Geysers, USA; Bouillante, French Antilles). Induced seismic activity was analyzed in space and time and its relationship with injection parameters, the local stress field and the geological setting was investigated. These data sets were compared with other project data, where injection did not cause significant seismicity. (2) Understanding the geomechanics and processes involved in induced seismicity. The influence of factors such as temperature, poro-elasticity, fluid injection rate, existing fault segments, and time dependent effects were investigated to constrain the possible mechanisms involved during fluid injection using various modeling approaches as well as laboratory experiments. (3) Consequences of induced seismicity were addressed by providing an assessment of the seismic hazard presented by events triggered through human activity in comparison to natural seismicity. Results from (1) and (2) were used to quantify the probability of triggering larger seismic events and to define the potential damage caused by ground shaking. This activity resulted in guidelines for licensing and site development for local authorities and industry. (4) Strategies for the mitigation of induced seismicity.
On the basis of the recommendations formulated in (3) and of the results of (1) and (2), strategy for 'soft injection' was proposed. The optimization of a monitoring network and a real-time monitoring system were presented to help authorities and operators minimize the seismic hazard and manage the risks during operations and production. Experiences of past seismic events caused by mining and in the oil and gas industry were included to address the proper handling of public awareness and acceptance.
The overall strategy for the GEISER project was to start with a collection of representative data for comparison and analysis. On the basis of the analysis and detailed investigations into the mechanisms and processes involved in induced seismicity in geothermal developments, seismic hazard was assessed and ground shaking scenarios were calculated. At the end, guidelines for licensing of geothermal projects were prepared and strategies for the mitigation of induced seismicity during geothermal development and operation were proposed.
How it was managed Participants and project structure
To reach these goals and to investigate the topics identified, the project was broken down into seven work packages (WP) which are inter-dependent ( Fig.  1 and described below) and each led by one of the GEISER partners (Table 2) .
WP1: Project Management (WP leader: GFZ)
WP2: Compilation of induced seismicity data from geothermal sites (WP leader: ISOR): In this work package, data on induced seismicity from representative sites in Europe were collected, to provide an overview of lessons learned from previous experience. This WP was designed for the smooth exchange of data between partners and to guarantee sufficient, comparable of these data from the various sources. For this purpose, data were checked and homogenized for comparison and further use in other WPs.
WP3: Analysis of induced seismicity (WP leader: GFZ): Different seismological approaches were applied and further developed to analyze data sets of induced micro-seismicity from geothermal areas. Based on the evolution of induced seismic activity in space and time, the inter-relation between the specific local geological settings, injection parameters and the occurrence of fluid-injection induced seismic events was addressed.
WP4: Understanding the geomechanical causes and processes of induced Seismicity (WP leader: BRGM): Different modeling approaches and laboratory experiments were performed to investigate some of the key factors influencing induced seismicity. The goal was to come to a better understanding of the basic physical mechanisms that induce micro-seismicity and to deliver management and production scenarios with relative estimates of the stress-state changes for different geothermal settings.
WP5: Seismic hazard assessment (WP leader: ETHZ): On the basis of the results from WP3 and WP4 and considering natural seismicity, this WP assembled all the components of hazard assessment to be conducted before the selection and start of operations at an EGS site, to result in guidelines for best practice. This included the analysis of the natural background seismicity, an estimate of the ground shaking produced by the micro-seismicity induced during the initial stimulation phase and the probability of triggering larger magnitude events (M > 4) ahead of its natural time of occurrence, either during the stimulation phase or during the long-term EGS operation.
WP6: Strategies for EGS operations with respect to induced seismicity and mitigation (WP leader: TNO): The objective of this WP was to provide strategies to operators and regulatory bodies to stimulate reservoirs and at the same to mitigate the effect of LME. These strategies were targeted as guidelines for regulatory bodies for the selection, licensing and long-term operation of EGS sites in different geological settings, at developing the concept of 'soft stimulation', at proper monitoring of induced seismicity, and at a minimization of the risk.
WP7: Dissemination (WP leader: BRGM): The achieved understanding and the recommendations for standardized procedures were disseminated among stakeholders/industry and public authorities as well as the scientific community.
Inter-dependencies of the work packages
Following the concept of the project to bring together expertise in geothermal utilization, seismic hazards, and public awareness, all WPs were strongly inter-connected. The database generated in the WP2 provided the basis for the applied work of all the other WPs. In addition, a State-of-the-Art of induced seismicity in geothermal field development is defined, based on literature review. The investigation of spatiotemporal characteristics of fluid-injection induced seismicity and the analysis of background and induced seismicity performed in WP3 provided essential input parameters for the modeling part in WP4. Understanding the role of LME in controlled reservoir stimulations as investigated in WP3 was important for the modeling. Results from both WP3 and WP4 were used for seismic hazard assessment in WP5 as well as for the mitigation concepts to be developed in WP6: a) Design and optimization of seismic network and earthquake monitoring procedures with input from WP3; b) The model of elastic interactions in porous, heterogeneous and fractured media, role of existing faults segments and temperature from WP4. The theoretical work in WP4 also provided the basis for a 'soft stimulation' strategy (targeted at mitigation of induced seismicity) to be proposed in WP6. The guidelines resulting from WP5 had a direct impact on the strategies in WP6. Finally, all activities contributed to the dissemination in the WP7.
GEISER portal and final conference
A website (www.geiser-fp7.fr) was created as a management tool of the project. The website provided a platform to the participants for exchange of data and documents, announcement of the meetings, etc. The website was the main information and dissemination portal for the project. Project and partners presentations, and newsletter and related websites and events were announced through the website. Besides the website, in total, five newsletters were created, which served well as summaries of the project activities not only to the participants but also for public.
GEISER final conference was held in Neapel, Italy. The final conference was intended to share the results not only with the project partners, but also with the rest of the world. Contributions from non-GEISER participants were presented, including U.S. Geological Survey, Lawrence Berkeley National Laboratory, Temple University, ARRAY Information Technology Inc. (USA), Geodynamics (Australia), National Institute of Advanced Industrial Science and Technology (Japan), LaGeo (El Salvador), GNS Science (New Zealand), GEIE Soultz-sous-Forêts (France), University of Bonn and Free University Berlin (Germany). Programme of the conference and the abstracts and presentation materials can be found in the conference website (http://meetings.geiser-fp7.eu/conferenceDisplay.py?co nfId=15).
Characterization of Large Magnitude Events (LME)
and their occurrence in space and time One major topic addressed by a number of papers evolved from the project is the characterization of Large Magnitude Events (LME), coupled with the investigation of strategies to describe, and ideally mitigate the seismic risk of stimulation operations. This section gives a summary of the results from WP3 'Analysis of Induced Seismicity'.
Micro-earthquakes are induced during high-pressure stimulation and they enhance the reservoir permeability. At the same time, it is crucial not to induce or trigger LME, which may not only cause damage at the surface, e.g. Basel EGS (Häring et al. 2008 ), but also lower the efficiency of the geothermal system by the creation of 'hyper-permeable' pathways. If a LME occurs, it may create a master pathway for fluids that can shortcut the reservoir, preventing heat exchange from being efficient. A better physical understanding of the seismicity generation process is needed in order to develop techniques to reduce the probability of LME.
It was first proposed by McGarr (1976) that the total moment of an induced seismicity cloud is proportional to the volume of injected fluid. However, the actual amount of seismicity can vary drastically between different locations. Using a completely different approach of pressure diffusion theory, Shapiro et al. (2007, 2010) arrived at a similar result in which the total number of induced events is proportional to the injected fluid volume. In addition, they described the proportionality factor, called the 'seismogenic index', as a function of measurable seismological quantities and rock properties. Combining these considerations with the assumption that seismicity always follows a Gutenberg-Richter magnitude distribution leads to a probabilistic description of the maximum expectable magnitude.
Seismic hazard potential generally increases with injected volume, even though there are significant regional differences. Grünthal (2013) 
The maximum observed magnitude of induced seismicity at geothermal sites is the smallest of the eight types of induced/triggered seismicity with Mw = 3.2 which is by far smaller than natural tectonic earthquakes (Mw = 6.6).
The above considerations and results provided the background for the results presented in the special issue 'Induced Seismicity' in the Elsevier Journal Geothermics. Most of the work was conducted as a part of the GEISER project. The compilation of papers ranges from the description of larger magnitude seismicity in past geothermal operations to numerical forward-modeling of seismicity clouds, all with the aim to obtain some general conclusions about the creation of LME in geothermal operations. The paper of this Special Issue will be available online at the beginning of 2014.
Evans et al. (2012) summarized the results from over 40 European case histories, describing the seismogenic response of crystalline and sedimentary rocks to fluid injection. The data suggest that injection into sedimentary rocks tends to be less seismogenic than in crystalline rocks. Large or damaging earthquakes tend to occur on developed or active fault systems. In other words, large earthquakes are unlikely to occur where there is not a fault large enough to release sufficient energy. Therefore, the risk of producing LME is increased if faults are present near the well. The authors compared the maximum magnitude of each project with the long term probability of exceeding a threshold level of peak ground acceleration (PGA), and speculated that fluid injection in areas with lower natural seismicity may have a lower risk of producing LME. However, a causal relationship between the two properties remains unclear and requires a more detailed geomechanical examination. Table 3 lists the cases with the largest LME in order of decreasing magnitude. Some of these case studies including Basel (Switzerland), Soultz-sousForêts (France), Berlín (El Salvador), Cooper Basin (Australia), and The Geysers (USA, acquired with the support from Statoil during the project) were studied in detail. Apart from accurate magnitudes (moment magnitudes wherever available), Table 3 also lists the time and location of recorded LME at these sites. It has been frequently observed that LME occur after shut-in and at larger distances to the injection point, i.e. at the edges of the seismic cloud. Kwiatek et al. (2013) conducted a case study on the geothermal project in Berlín, El Salvador, where a Mw = 3.7 LME occurred two weeks after shut-in of the injection. They found that the event is located on some part of an active fault that did not rupture before. They also found a dependence of Brune's stress drop to distance from the injection point, similar to what was found by Goertz-Allmann et al. (2011) for the Basel data set. However, their limited data set did not allow a spatial mapping of stress drop nor a correlation to the LME.
One of the most intensively studied EGS stimulation that triggered several LME causing damage at the surface is the project in Basel, Switzerland. In Basel the largest magnitude event (ML = 3.4) occurred a few hours after shut-in and three additional events with ML > 3 occurred one to two months later. These events occurred despite the implementation of a traffic light system (Bommer et al. 2006 ) that reduced the wellhead pressure after the first occurrence of a ML 2.5 event. The largest earthquake occurred at the edge of the seismicity cloud. Comparison of the results of high precision relative locations of hypocenters pertaining to clusters of similar earthquakes and fault plane solutions with the strike of the strongly aligned seismicity cloud suggested that the strike or dip of the identified faults deviated substantially from this overall orientation. The concept of a single fault zone with a more or less constant orientation was obviously too simplistic. This had important consequences for models of fluid migration during stimulation and thus of the process of permeability enhancement as well as for seismic hazard assessments.
Spatial variations of source parameters such as stress drop and b-value of the Basel induced seismicity have been estimated by Goertz-Allmann et al. (2011) and Bachmann et al. (2012) , respectively. It has been observed that stress drops are greatly reduced and b-values increases in the vicinity of the injection point where pore pressures are highest. LME in Basel were located in areas of higher stress drop and lower b-value. A comparison with estimated pore pressure variations due to fluid injections suggested that both stress drop and b-value are mainly driven by pore pressure variations. This had important implications on the distribution of seismic hazard. Catalli et al. (2012) analyzed the role of Coulomb failure stress variations (ΔCFS) of the Basel seismicity and find that 70% of event locations were consistent with positive ΔCFS. They found that three out of the four LMEs in Basel were located in areas of positive ΔCFS. While pore pressure changes are certainly a first-order factor driving the seismicity at close distances to the injection, their results suggested that ΔCFS due to the already induced seismic events increases at later times and at larger distances from the injection point where the pore pressure change was strongly reduced. They concluded that event interaction is a key parameter in assessing seismic hazard of induced seismicity.
Apart from observational papers, some modeling papers provided more insight into the physical mechanisms driving induced seismicity and creation of LME. Goertz-Allmann and Wiemer (2012) developed a simple stochastic model to simulate induced seismicity in the Basel reservoir using linear pressure diffusion and seismicity triggering based on Coulomb friction. They linked Gutenberg-Richter b-value to differential stress in an inverse linear relationship. By randomly assigning magnitudes based on varying frequency-magnitude distributions, they were able to estimate the spatiotemporal variation of the occurrence probability of an event of a certain magnitude. Goertz-Allmann and Wiemer (2012) found a substantial increase of the mean probability for the time period after shut-in and also at further distances from the injection point, compared to a constant b-value model. Their results not only explained the observations at Basel (GoertzAllmann et al. 2011, Bachmann et al. 2012 ), but were also consistent with observations at other geothermal projects (Kwiatek et al. 2013 , Charlety et al. 2007 , Evans et al. 2012 ). The presented modeling and magnitude probability estimation technique could be used in a refined traffic light system, where the future induced seismicity magnitude probability is estimated based on the previously recorded seismicity of an ongoing operation.
Investigating the influence of some modeling parameters on the resulting seismicity suggested that the probability of LME is reduced if either the well is drilled less deep, or drilled into softer formations such as sediments instead of granite. This thought was taken further by Gischig et al. (2012) who investigated the influence of the injection parameters on the probability of occurrence of LME. However, their modeling results also suggested that the injection rate has a strong influence on the magnitude distribution. According to their model, while maintaining the same volume, reducing the wellhead pressure and increasing the injection time reduces the probability of inducing a LME. This was also verified by particle based discrete element fracture network modeling by Zang et al. (2013) . In summary, the following insights were gained into the creation of LME at geothermal stimulations.
• The total seismic moment, and therefore also the probability of a LME is mainly driven by the injected fluid volume. Injecting less fluid typically leads to less seismicity, but also to smaller permeability changes in the reservoir. The latter can be achieved for example by sub-dividing the stimulated rock volume into several segments along a horizontal well, for example as shown in Fig. 2 , as is typically done in hydraulic fracturing of Shale gas reservoirs.
• The LME probability is also reduced for shallower injections, and for injections into sediments instead of granite.
• The magnitude distribution of the seismicity and hence the LME probability can be driven by the injection parameters, most notably the injection pressure. At the same injected volume, lower injection pressure with longer duration of injection leads to lower LME probability.
Many LMEs have occurred on reactivated pre-existing fault planes. It is therefore necessary to identify pre-existing, seismogenic faults beforehand in order to better assess the seismic risk of a stimulation operation. The spatial distribution of faults and fractures can have an impact on the assumed frequency-magnitude distribution. Different frequency-magnitude distributions have a significant impact on assessments of the occurrence probability of an LME.
Overall summary of project results

Data sharing
A database of all relevant literature was established to serve as a reference for the work performed in the project. The literature was reviewed, including reports from non-government agencies such as the IEA, and the most useful literature has been defined. The database can be updated constantly and is accessible via a website. In addition, the datasets on induced seismicity to be worked were defined, and a metadatabase has been established with link to owners or actual data. The data sets were assessed and data formats were defined for comparison of results. A master data set was defined from the various data sets available from Soultz-sous-Forêts.
Analysis of the fluid-injected micro-seismicity
Project partners worked on the various data sets to assess waveform data, improve technical procedures, and to image subsurface structures. First results suggested a significant improvement in the event locations using double difference relocation techniques. In addition, focal mechanisms from first motion polarities were defined at some of the geothermal test sites. An interesting observation was the aseismic motion identified at Soultz from 4D seismic P-wave tomography.
Larger magnitude events (M >2) were investigated from the Basel and the Berlìn (El Salvador) data sets. Preliminary results suggested that the orientation of the fault segments identified by such events deviate significantly from the overall orientation of the seismic cloud at Basel. This was a significant constraint to be considered in realistic mechanical models developed in this project.
Understanding of geomechanics and processes of induced seismicity
Rock mechanics laboratory experiments and thermohydro-mechanical (THM) modeling, including dynamic rupture, have been performed. Laboratory experiments and hydro-mechanical modeling addressed the role of pore pressure in the rupture process. In addition, a heating system has been installed to the pressure vessel for the laboratory experiments to allow the investigation of temperature effects. Thermal impact was also studied in the data available from Soultz, and specific THM coupled models have been under development. Work has also started about the role of pre-existing fractures and the role of fluid circulation during fracturing.
Seismic hazard assessment
Seismic hazard assessment was performed to investigate and constrain consequences of induced seismicity. Results from the seismic analysis and the mechanical analyses were integrated in the assessment of the seismic hazard from induced seismicity. As a first step, the hazard associated to natural seismicity in the areas investigated in this project was determined. The seismic potential of a region served as a background seismic hazard for the studies performed in GEISER.
Seismic data of former EGS and on-going operations were collected for the development of strategies for the mitigation of induced seismicity. These data served as a basis for the investigation of correlation between seismic events and impact on human perception. Strategies for stimulation procedures minimizing seismic side effects were investigation (for example 'soft stimulation' modeling in Zang et al. 2013) . Similarly, optimization of seismic networks for monitoring purposes and the development of real-time tools to monitor the evolution of induced micro-seismicity are subjects of on-going work.
Expected results and impact
The main impact expected from the project was the establishment of a procedure to realize the goals of enhancing geothermal systems with a reliable concept for the mitigation of induced seismicity. This concept ensured that geothermal energy can reach its full efficiency and profitability thresholds at the European scale. This goal required a mobilization of basic researchers in direct contact with project developers.
The results generated in this project are expected to help reduce unwanted hazards, and increase public acceptance, which is crucial for the installation and operation of geothermal plants. In addition, results of this project are expected to help increase EGS market introduction by providing licensing guidelines which will improve planning security. By developing a sound scientifically based concept for the mitigation of induced seismicity the GEISER project has the potential to help accelerate market introduction of EGS in many parts of Europe. The know-how for this concept will be developed in Europe, and its applicability is expected to be worldwide.
Regulatory guidelines handling operational hazards
With the provision of regulatory guidelines handling operational hazards due to underground exploitation, authorities will have better defined regulations and legal guidelines to cope with both political and physical damage of induced seismicity. This will provide planning security for developers and communities and is likely to unleash activity in the geothermal energy market.
Optimal monitoring infrastructures of underground exploitations
So far optimal monitoring of underground exploitations, balanced with operational, research and societal interests, is very seldom considered. In this project, it was aimed to optimize the monitoring impact by exchanging data, experiences, practice and new developments. It should be noted that, although the monitoring methods are specifically designed for the development of EGS, they can also be of great interest in hydrocarbon exploration, in the search for deep aquifers, in the planning of waste disposals and in other applications.
The success of the GEISER should have a kick-off effect on the development of geothermal resources in Europe but also it shall enhance the capability of European industry to compete on the world market of geothermal business. The project will represent a technological milestone in the development of a renewable, cost competitive geothermal energy.
CONCLUSIONS
Deep geothermal resources supply safe, reliable and environmental friendly energy. Through the development of advanced technologies such as Enhanced Geothermal Systems, geothermal energy could contribute substantially to the global energy production by accessing a larger part of the thermal energy stored in the Earth's crust in regions where the natural permeability of the subsurface is not sufficient enough to extract hot water economically.
In this article, one of the EU funded geothermal energy projects, GEISER and summary of the results are presented. GEISER was aimed at an improved understanding and mitigation of induced seismicity hazards, and provided a State-of-the-Art risk management protocols.
As results, best practice guidelines are provided for safe and reliable EGS operations, centered on a probabilistic framework for the assessment of the risk posed by induced seismicity during all phases of an EGS project. The corner-stone of this framework is a well tested, forward-looking traffic light system, to be implemented in real-time in future EGS applications. This dynamic forecasting framework predicts the expected seismicity in the next hours and days. It is based initially on prior information, such as the proximity to faults, the subsurface stress conditions etc., but then is updated on the fly with real-time measurements of the observed induced seismicity and down hole pressure conditions. GEISER also proposes a strategy to enhance public support for EGS projects, based on lessons learned from past projects. Nuisance and trivial damage should be addressed with care and considered as a significant project risk. For non-structural damage, a pre-agreed procedure is needed to evaluate and compensate the costs. The GEISER research efforts and best practice guidelines are important steps to enable the efficient and safe use of deep geothermal energy resources throughout Europe.
